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WO 92/14830

ENZYMATIC REVERSE HYDROLYSIS OF HYDROPHILIC
SUBSTRATES ~ PREPARATION OF ANPHIPHILIC COMPOUNDS

This application is a continuation-in-part of co-pending
U.8. Patent Application Serial Number 07/654,979 which was

£iled on February 13, 1991,

TECHNICAL, PIELD OF THE INVENTION

The invention relates to methode for producing amphiphilic
compounds through the biocatalyzed reaction of a
hydrophilic substrate, adsorbed onto a solid support, with
a second substrate, which may bs hydrophobic. The ’

15
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invention relates to methods for producing isomerically
pure i,3-diglycerides and l-monoglycerides, sugar esters,
amino acid esters, peptides, and glycolipids, as well as
phosphates of alcochols, carbohydrates, and nucleosides.
The invantion provides compositions of an alcohol or a
carbohydrate adsorbed to a solid support and compositions
of a carboxyl-protected amino acid or a carboxyl-protected
peptide adsorbed to a solid support in combination with an
amino-protected amino acid or an amino-protscted peptide
adsorbed to the same support. The invention alse provides
nethods for the selective precipitation of 1-monoglyceride
products. : : ‘
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Many chemicals useful in industry are anphiphilic
conpounds which can be obtained by esterification or
reverse hydrolytic reactions between hydrophilic compounds.
and second compounds, which may be hydrophobic. - :
7llustrations of such reactions follow.

1) Esterification of a polyalcohols
glycerol + free fatty acid - mono-glycerids + water

2) Esterification of a carbohydrate!
glucose + free fatty acid - sugar-ester + water

3) Esterification of an amino acid:
peptide + fres fatty acid - peptide ester + water

The amphiphilic products of such reactions ara used as
surfactants, emulsifiers, food additives, fo0d components,
and food substitutes as well as pharmaceuticals. Amino
acid and peptide esters possess biclogical activities
similar to those of lipoproteins found in nature, and are
potentially usaful as pharmaceuticals.

20
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raverse hydrolyeis, which will dominate only under low
water conditions, i.a. in hydrophobic, non-polar solvent,
Since the hydrophilic compound is not miscible with non~
polar solvent, it is problematic to astablish reaction
conditions which ars favorable to reverse hydrolysis.
Moreover, most hydrophilic and hydrophobic compounds are
jmmiscible in one another, and for many compound
combinations there is no suitable solvent vhich would
allow the mixing of bkoth substrates. Consaguaently,
esteritications of many hydrophilic compounds, such as
glycerol, ethyleneglycol, polyols, and gaccharides with
long chain fatty acid residuss, are difgicult or
impossible to achieve by traditional means in a batch or
column reactor. For instance, the conventional industrial
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process for ths esterification of glycerol with fatty
acids is conducted at 200-250°C in the presencs of an
inorganic catalyst, oftsn a toxic mstal..

one class of amphiphilic products useful as emulsifiers
includes long-chain monoacylglycerols or nonoglyeeridu.
Conventionally, they are produced by chemical alcoholysis
of the corrasponding triglycerides with two equivalents of
glycerol (see Figure BB). As in industrial
esterification, this typs of reaction requires high
temperatures (210-240°C) and the use of

transesterification catalysts, usually toxic tin or lead

compounds. The reaction preduct is an equilibrium mixture
consisting of monoglyceride, glycerol as well as fatty
acids and meveral contaminating by=-progucts resulting from
dshydration procaesses. In order to yvield "pure®
monoglycerides, as regioisomers, expensive puritication
staps are required leading to product yields of only about
40-50% based on the starting glycerides.

Altarnatively, chemical multistep procesges sre reported
in the literature based on iscpropylidene-glycerol (Bear,
E., Fischer, H.0.L., J. Am,. Chem. Sog. &7, 2031 {1945)) or
glycidol (German Patent DE-0S 2.338.462 (1973)).

ri
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Tn these methods, natural starting materials cannot be
employed. All thée above methods requirs the synthesie of
suitable starting materials and/or protection/deprotection
steps. Thus, the above describsd conventional synthetic
methods do not provide convenient means to obtain
chemically or isomerically pure monoglycerides.

A potential alternatives is offerad by biccatalysis
utilizing enzymes (for an overview, sés Wong, C.H.,
8aisnce 244, 1145-1152 (1989)). In the chenical reactions

‘discussed herein, both of the compounds changed in the

reaction are consideraed substrates for the enzymas (Wong,
Supra). In ordsr for enzymatic reverse hydrolysis to ba
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. nade practical for industrial use, the above mentioned

probleme of substrate/solvent jmmisibility must be
overcoma.

Catalysis of esterification reactions by the enzyze lipase
has been described. It was reported that, in a reaction
batween glycerol and free fatty acids, mycelial lipases
catalyzed the formation of ester bonds at positions 1 and
3 of glycerol to form mono- and diglycerides (Tahoun, X.X.
ot al., Enzyme Microb, Technol. 8, 429-432 (1986)).
Reactions were carried out in aqueous nedium, with
disparaion pronmocted by stirring.

Lipases have also been used in the esterification of
saccharides with fatty acids (Pjdrxling, F. et al.,L.C.B.
Chen, Sommun., 934-935 (1589); Adelborst, K. et al.,
gynthesis, 112-115 (19%0}).- The reactions werse conducted
without added solvent since the two substrates were
gomewhat soluble in one another. Water produced in the

reactions was removed in vacuo.

For the preparation of moneglycerides, chzymatic multistep
processes have been reported based on the starting

25
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compounds 1soiiﬁth¢mrag"1yecr°i—(emr,—1—:eﬁ—85cki, Hey
Nighio, N., Nagal, X., Biotechnol. Latt. 11, 161 {1989%))
or glycidel (Miiller, C., austin, H., Posorske, L.,
Gruzalez, I., Novo Industri Publication 2A-05991). These
enzynatic methods have the same limitations as the
chemical multi-step processes described above.

In order to increase the rate of reaction and yield,
1ipase-catalyzed esterification in aguecus medium has been
carried out in membrans bioreactors. In the menbrans
bioreactor system, reverae nydrolysis is promoted through

the use of nicro_pbrous hydrophobic membranss which

physically separats the glyocerol/vwater/lipase solution
fron the fatty acid substrates (Yamane, T. 2t Al., Ann.

MY, Acad. Sci. 434, 558-568 (1984); Hog, N.M. at al.,
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agric. Biol. Chem. 498, 335-342 (1985)) The fatty acids
penatrate the micropores of the hydrophobic menbrans
surgiciently to participate in the reaction &t the
{nterface of the menbrane and the agquacus solution; the
resulting amphiphilic productn rexain in the agqueous

conpartuant.

Another approach reguires covalent linkage of substrate to
a solid support in order to increese the exposurs of
substrate surface area to resactive groups. Enzynmatic
peptide synthesis has been promoted in agqueous medium by
ester or amide bond linkags of amino acid substrate to
activated silicagel (Kosnnecke, A. et 2l., Monatsh. Chan.
213, 331-337 (1982); Koennacke, A. gt al., Monatsh, Chen.
116, 111-117 (1983)).

Lipase catalyzed reactions have also been carried out in
reverse micellar systems or microemulsions. These systens
wera designed to promote the exchange of fatty acid side
chains on triglycerides. The dispersion of triglycerides
in polar solvent was achieved through emulsification with
surfactants. When the hydrophilic eubstrate glycerol was
gubstituted for agueocus buffer in the emulsion gystem, no

25
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Peptide synthesis was reportedly catalyzed by chymotrypsin
in an organic solvent, hexane, in which neither the '
substrates nor the enyzme wers soluble (Xuhl, P. et al.,
Tetrahedzon Lett., 21 5213-5216 (1990)). Product yields
vere inversely proportional to hexane concentration, and
gell to zaro at mederats concentrations of hexans.
Although the authors could offer no conventional
explanation for thelr results, they speculated that the

_undissolved substrates promoted the reaction through

direct particlo—particlo contact.
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Gycoside transfer is another type of reaction which may be
anzymatically catalyzed. Products of glycoside transfer
incliude complex oligosaccharides, glycoproteins, and
glycolipids. GlycosyltransZerasas are not yet readily
availabla, but the corresponding hydrolases, i.8.
glycosidases (Teble 1, categery 3.2.1) are commercially
available. The glycosidase, B-galactosidase, has been
exployed to catalyze reactions between saccharides and
alcchols. The reported yislds were low (25-35%) because
the reactions were carried out in an aqusous medium in
whieh the initially formed products were partly decomposed
by the hydrolytic action of the enzyxe. The reported
procedures could not be carried out in non-aqueous madium
bacause of immiscibility of substrates with non-polar

' golvents.

The problem of enzyne insolubility in organic solvénte has
bean addressed by the adsorption of peptidases and lipases
to solid supports such as calite and silicagel (Ferjancic,
A. at zl., Appl. Microbiel, Riotechnol. i, 651=657
(1890); Schuch, R. sk &l., appl. Microbiol, Biotechnol.
36, 332-336 (1989); Eigtved, P. et al., Broo. World Conf.

Biotechnel. Fate and Olle. AQCS, 134-137 (1987); Yamanaka,

25
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Amcunts of silicagel ox cellite guzficient to adsord
catalytic amounts of enzyme were either sdded to the
reaction mixture, or, more commonly, were purchased with
the enzyma pre-adsorbed onto the support. with stirring,
the adsorbed enzyme was dispersed in the hydrophobic
solvent. The hydrophilic substrate, however, remained
inaffectively dispersed in tha solvent which limited the
rate of reaction and final product yield.

The hitberte reported phosphorylation of bioclogically
important molecules ‘like glycerol, dihydroxyacetone,
enclpyruvate, monosaccharides, and nucleosides was
despendsnt on biological phosphorylating agents, usually
adencsine triphcspnate (ATP). These reactions reportedly

SUBSTITUTE SHEET



WO 92/14830 - PCI/EP92/00307

10

5

20

-7-

ars catelyzed by such eniymes as glyccrol kinase and
hexokinase, and are carried out in agueous wedium. Such
processes are costly because ATP is expensive, is needed
in molar amounts, and therefore must bs recycled.
Recycling of ATP involves a number of additional enzymatic
steps and auxiliary raagents. : '

1n addition to limitations in yield and rata of reaction,
the published msthods leave unsolved the problen of
producing iscmerically and enantio-merically pure products
such as 1-monoglyco:idas. ¥when glycerides are produced in
the above descrided enzymatic methods, mixtures of mono-
glycerides with di- and tri-glycerides are obtained. W®hen
monoglycerides are isclated from the product nixture, they
are always mixtures of regioisosers and sterecisomers.
Monoglycerides are classfied according to their abaolute
configuration as follows.

1-sn-monoglyceride = (8) = 1 - monoglyceride
J-sn-ponoglycdride = (R) - 3 - monoglycerida
2-sn-monoglyceride = achiral

The “sn-" nomenclaturs i¢ a classification which is
exclusively used for quccridos. In the conventional
producticn of monoglycerides as described above, generally

25
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mixtures of racemic I-monoglycerides wnd mchiral 2=
glycerides are produced. Sueh mixtures ecould be termed as
consisting of: (K.8) - 1 - monoglyceride + 2 -
monoglycerida. Purification steps are reguired to yield
chemically pure monoglycerides as mixtures of regioisomers
from vhich each regicisomer nmust be separated by tedious

chromatographic processes. These procsnses necessarily

operate on a very snall scals and are not practical for
industrial productien.

SUMMARY OF THE INVENTION AND OBIECTS

fhis invention relates to a nethed for producing an
amphiphilic product through the enzynme catalyzed reaction
of a hydrophilic substrate with a second substrate.

SUBSTITUTE SHEET



WO 92/14830 | PCI/EP92/00307 -

10

5

20

According to the present ipvention, a hydrophilic
substrate is dispersed in a second substrate with a.
selacted enzyme sc that the reactive groups of both
substrates are contacted by the active site of the enzyme
and an apphiphilic product is formed. The rethod
conprises combining the hydrophilic substrate with
sufficient solid support to substantially adsord the
hydrophilic substrate, and dispersing the adsorbed
gubstrate in ths second substrate together with an enzyme
vhich has an affinity towards both substrates and which
catalyzes the formation of the produot.

1f one of the substrates is a liquid, the reaction may
proceed without added sclvant. If neither substrate is a
1iquid, it is necessary to include a solvant in the
method. It is therafora an object of this invention to
provids methods to disperse a hydrophilic substrate in a
non-polar or slightly polar solvent which is suitable for
use in the processing of food, haalth care, and cosmetic

products.

An object of the invention is to provide methods for the
production of pure regioisomers of 1, 3=-diglycerides.

25

30

A further object of the invention is to provide a method
for the production of a sugar ester through the enzyne

catalyzed reaction of 2 hydrophilic carkohydrate vwith a
carboxylic acid derivative in a non-polar solvent.

A further cbject of the invention is to provide mathods
for the production and specitic precipitation of selscted
i1-monoglycerides in chemically and isomerically purse

forns.

A further object of the invention is to provide methods |
for the production of emters of amino acias.
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A further objact of the invantion iz to provide methods

for the production of glycosides through the enzymatically
catalyzed transfer of qucosidé noigties to a polyalcohol.

A further object of the invention is to provide methods
for the synthesis of peptides through the enzymatically
catalyzed formation of peptide bonds.

A further object of the invention is to provide methods
for the enzymatically catalyzed synthesis of phosphates of
alcohols, carbohydrates, and nucleosides.

A further object of the invention is to proevide
compositions cemprising alcohols or carbohydrates adsorbed
onto 2z solid support such as silica gel.

A further object of the invention is to provide
compositions comprising first and second hydrophilic
substrates, both adsorbsd to a solid support. In such a
composition, the first cubstrate is a carboxyl-protected
amino acid or carboxyl-protected peptide with a free
primary amino group, and the second pubstrate is an amino-~
protected amino acid or an amino~protected peptide with a
carboxylic acid aster.

a5
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BRIEF DEECRIPTION OF THE DRAWINGS
Figure 1 depicts the effects of different enzyme
preparations on tha rate of the esterification of glycerol

with vinyllaurate.

Figure 2 depicts the effects of different methods of
adsorbing glycerol to solid support on the rate of
esterification.

Figure 3 depicts the effect of the order of mixing

substrates, solid suppert, and enzyme on the rate of
esterification of glycerol.
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Figure 4 depicts the effects of aifferent methods of
adsorbing sorbitol to Bolid support on the rate of

esterification of sorbitol.

Figura 5 schematically depicts the reactions which yield
1-mohcglycsrides. '

Figure 6 is a schematic illustration of a reactor/
saparator system which may ba used in the production of 2
pure 1-monoglyceride from a reaction which does not yield
water or alcohol as a by-product and thus goes to
completion without removal of products.

Pigure 7 is a schamatic illustraticn of a reactor/
separator systen which may be used in the production of 2
pure i-monoglyceride from & reaction wnich yislds water or
alcohol as a by-product. The inclusion of molecular
sieves to remove water or alcohol promotes the reaction in

the desired airection of esterification.

In the method of the invention, an enzynaticelly catalyzed
reverse hydrolysis reaction is promoted between two

20
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suﬁfﬁﬁsmbim—ﬁe—hy&«epnmmm_a
sclid support and dispersing the adsorbed hydrophilic
substrate in the second substrate with a selected enzyme.
The hydrophilic substrate adheraes to the solid support
through a non-covalent interaction, possibly an
electrostatic attraction, betwean the polarized hydroxyl
group or amino group of the hydrophilic substrate and the
polarized regions of the solid support. The sacond
subgtrate contains a donatable leaving group {(4.g%. an acyl
group) which probably conbines transiantly with the engyme
to form an scyl/snzyme intermediate (Wong, supraj. It is
postulated that, through mixing of the acyl/enzyme
intermediate with the adsorbed hydrophilic substrate, the
hydroxyl group or amino group of the hydrophilic substrate
is brought in contact with tha active site of the enzyme
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and with the donatable leaving group from the second

substrate to forz an amphiphilic compound. In an’
alternative smbodizent related to peptide synthesis, both
substrates contain a hydrophili¢ region, and both
substrates are mixed together prior to adsorbtion onte the

solid support.

Detinitions
The term "hydrophilic substrate” refers to a water soluble
compound containing a hydroxyl group or & primary amino
group having the general structure:

X

|
Y-Cc~-2
H

z can equal OH or NH;, X and Y can squal H, methyl, acyl,
allyl, alkyl, aryl, or amino groups. X and ¥ ©an also
equal methyl, acyl, allyl, alkyl, and aryl groups which
have an H substituted by a halogen or by sulphate,
phosphate, nitro~-, or cyano- groups. Examples of
hydrophilic cospounds are alkanole, cycloalkanols, benzyl
alcohols, allylic alcohols, diols, triols, pelyols, sugar
alcohols, inositols, halogan substituted alcohole,

25
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hy&:oayearmﬁe—acidsr—mmo—acidwms:

saccharides, synthetic and natural polymers with hydroxyl
groups.

The term "second substrate having a donatable lsaving
group® refers to compounds such as carboxylic acids,
esters, anhydrides, amino acids with protected or
unprotected side chains, peptides, proteins, phosphate
sstere, glycosides, and substantially hydrophobic
alcohols. Tha conatable leaving group is a chemical
poiety for which the enzyme to be employed has an arginity
at the enzyma's active site, which can be detached from
the second substrata, and which can be covalently linked
to a hydroxyl or amino site on the first substrate. The
donatable leaving group may be a chemical moiety such as

SUBSTITUTE SHEET



WO 92/14830 PCT/EP92/60307

10

15

20

-}l~-

an acyl group, an amino acid residue, a peptidyl group, &
protein residue, 2a phosphoryl group, & glycosidyl residue,
or an alkoxide group.

The term "emphiphilic product” rafers to a compound which
has both hydrophilic and bydrophobic groups. Examples of
amphiphilic products inciude estars, sugar asters,
pcptidea, peptide esters, glycosides, nucleosides,
glycolipids, glycoproteins, 1ipoproteins, phosphates, and

sulphates.

The term “ester® refers to the preduct of the reaction
betwean a polyecl, a carbshvdrate, an amino acid, or a
peptide and the donor of an acyl group such as a long
chain fatty acid. The hydrophilic moities in the ester
ars polarized groups puch as unreacted hydroxyl groups and
the hydrophobic moities are, for instance, long carbon
chains which have replaced a hydroxyl group on the
starting substrate polyalcohol or carbobydrate, Examples
of esters are mono-, di-, and triglycerides, which are the
products of reactiens between glycerol and donors of
carbon chaine such as free carboxylic acids, carboxylic
ecters and carboxylic vinylesters. ' ’

25
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The term “glycoside® refers to a conpound which contains
at least one sugar residue. Examples of glycosides are
eligosaccharides, glycoproteins, nucleosides, and
glycolipids.

The tarm "enzyme" yefers to a proteinacecus catalyst
capable of accelerating reverse hydrolysis reactions
selected from the list in Table 1. additional examples
for enzymes useful in practicing this invention are found
in the following references: Rarman, T.E., Enzyne
Handpaok, Springer-Verlag, N.Y. Vol II, pp. 602-643, 1985;
Sigma Chamical Company Catalog, St. louis, MO, Pp. B63—
869, 1991. The eppropriate enzyme for a desirsd reaction
product is chosen for its affinity and epecific activity
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towards both ths hydrophilic substrate and the sscond
gubstrate. The appropriate enzyue recognizes ons or more
of the donatable leaving groups of the second substrate
according to the reglospecific position and inherant
characteristics of the leaving group, 2.d- position 1, 2,
or 3 of a triglyceride, chain length, degree of ‘
gaturation. The appropriate anzyme also has an affinity
for and reactivity towards the hydroxyl or amino group of
the hydrophilic first substrate based on the size and
local electrical charge of chemical moisties surrounding
the group., The enzyme may ba obtained from a microblal
source, or from plant or animal cells or tissuas. The
enzyme may be purified or included in a cruds, relatively
inmpure mixture of several different types of enzymes. Ths
enzyme preparation may be in any form such as a

‘lyephilized powder, or covalently linked or adsorbed onto

a solid support.

Tablae 1: . Engymes which catalyza reverse hydrol{cic
reactions. Mumbering and classification
according to the convention of the International
tnion of Biochenistry (IUB)

{ , Academic Prass,
Nev York 1979},
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2. Transfgraces

2.3 Acyltransierasas
2.3.1. Acyltransferases
2.3.2 Anminoacyltransferases

2.4 Glycosyltransterasss
2.4.1 Hexosyltransferases
2.4.2 Pantosyltransferases

2:7 Transferring phosphorus-containing groups

2.7.1 Pnosphotransferases with an alcohol
group as acceptor

2.7.2 Phesphotransfarases with a carboxyl
group as acceptor
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(Continued)

2.7.3

2.7.4

2.7 55

’ 2.7.6

Hydrelages

3.1

Acting on
3.1.1
3.1.2
3.1.3
3.1.4
3.1.5
3.1.6
Acting on
3.2.1

el

Fhosphotransferases with a
nitrogenscus group as acceptor

Phosphot:anitatlaas with a phospho-
group as accsptor ’

Phosphotransferases, apparontly'
{ntramolecular

Pyrophosphotransferases

ester bonds

carboxylic ester hydrolases
Thiolaster hyarolssen

Phosphoric monoester hydrolases
Phosphoric diester hydrolases
Triphosphoric moncsster hydrolases
Sulphuric ester hydrolases
glycosyl compounds

Glycoside hydrolases

Hydrolysing N-glycosyl compounds

&
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3.2

3.4

3.5

3.2.3
Acting on
3.3.2
Acting on
3.4.1
3.4.2
3.4.3
3.4.4
acting en
3,5.1
3,5.2

Hydrolysing S-glycosyl compounds
sther bonds

Thioether hydrolases

peptide bonds (peptide hydrolases)
a~Anino-acyl-~peptide hydrolases
Peptidyl-anino~acid hydrolases
Dipeptide hydrolases
;apti#yl—pc%‘hidrolaéu

¢-N bonds other than peptide bonds
In linear amides

In cyclic anides
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Table 1: (Continued)
3,.5.3 In linsar amidines
3.5.4 In cyclic amidines
' 3.5.5 In cyanides
5 ‘ 3.5.99 In other compounds

3.6 Aoting on acid-anhydride bonds
3.6.1 In phosphoryl-containing anhydrides

4.0 Lyaees

4,1 Carbon~-carbon lyases

10. 4.1.1 Carboxy-lyasss
4.1.2 Aldehyds—-lyakaes
4.1.3 Retoacid-lyasas

4.2 Carbon~oxygen lyases
4.2.1 Hydro-lyases

15 4.2.99 Other carbon-oxygen lyases
4.3 Carbon-nitrogen lyases
4.3.1 Amnmonia-lyases
4.3.2 Anidine-lyases

4.4 Carbon-sulphur lyases
20 4.5 Carbon-halide lyases

. 4,99 Other lyases

The term "solid support® refers to a finely divided
paterial having a large surface area compared to its
volune, which is capable of adsorbing hydrophilic

25 corpounds. The support material is non~reactive with the
substrate chemicals employed and is insoluble in the
solvent, wher a solvent is used. Bxamples of solid
supports capable of adsorbing hydrophilic materials are
silica gels, distomacsous earths, clays, zeolites,
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activated charcoals, carboxymethyl celluloge and other
substituted celluloses such as cellulose esters, nsutral
or basie ion exchange resine, porous glass beads, and
nasutral or basic aluminumoxide. Adsorption onto selid
supports makes the hydrophilic substrates dispersable

- through mixing in hydrophobic gubgtrates. Alternatively,

the solid support may be comprassed into a stationary
coluzn onto vhich the hydrophilic substrate is adsorbed
and through which the hydrophobis substrate is circulated.
Tne golid support provides the basis for the prinicple of
improving contact of the hydrophilic substrate with
reactive groups within the microenvironment of the
enzyme/substrate interphaze.

The terr Ypolar solvent® refers to a 1igquid compound in
which oune region of the molecuie has higher
electronegativity than a different region of the same
molecule, Generally, hydrophilic compounds are goluble in
polar solvents. Very polar solvents such as
dimethyiformenide, dimethylsulfoxide, dimethylacetanide,
or pyridine are freguently unsuitable for use in
esterification because they are toxic, difficult to remove
and/or recycle. Residual concentrations would render the

25
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syntheslzed product unsuitable—for-food;—cosmatic,—and
nealth care applications. Also, nany enzymes are
inactivated by polar sclvents. ‘

The term "non-polar solvent® refers to a liquid compound
in which the centers of positive and negative charge
essantizlly coincide or cancel each other eo that no
dipole noment is produced. In this application, the term
#pen-polar solvent" also includes those liguid compounds
in which the centers of positive and negative charge
substantially coincide so that only a small dipole momant
48 produced, i.s. slightly polar solvents. As a general
rule, hydrophobic compounds are soluble in non-polar
solvents, while hydrophilic compounds are not soleble in
them. Exanples of non-polar organic solvents are sgimple
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aliphatic hydrocarbons (n-hexans), and aromatic
hydrocarbons (toluene). Examples of slightly polar
organic solvents ara ethers, ketones, and estars. Other
exaxples of slightly polar solvents are chlorinated
hydrocarbons (rethylenechloride), eyclic athers
(tetrahydrofuran), sterically hindered alcohols (t-
butylmethylether}, and acetonitrile. Non-polar sclvents
ofter advantages over very polar golvents in that the non-
polar or slightly polar solvants can be removed completaly
by conventional means; thus they are suitable for use in
food, pharmaceutical, and cosmetic preparaticns. The
above listed non-polar and slightly polar solvents 4&o not
inactivate lipases, as do some highly pol@r solvents.

According to tha method of the present invention, an ester
can be prepared rapidly and conveniently by mixing the
following:
- a hydrophilic substrats
- a solid support in an amount sufficlent to
adsork the hydrophilic substrate
- a second substrate having a donatable leaving:
group
- an enzyme catalyst
- a_non-polar or slightly polar golvent, if
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necessary or deairable for the specific
reaction.

Suitably, the first substrate is glycerol and the second
substrate is a Prae carboxylic acid (fatty acid) whieh,
upon reverse hydrolysis, will yleld an amphiphilic ester
product plus water. The second substrite may also bs 2
nethyl- or alkyl-ester which, upen reverse hydrolysis,
will yield an amphiphilic ester product plus an alcohol.
These types of reactions are termed "reversible®, since
the products could participate in the reverse reaction
(hydrolysis of tho desired ester product) if water or
alcohol were allowed to accumunlate. The invention may b
utilized either with or without the removal of by-
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products. If water orF alcohol is not removed from the
product mixture, the reaction will go to equilibriun,
which, through reverse nydrolysis or alcoholysis, will
yield a certain apount of desired ester proauct.
Preferably, however, water or alechol is removed from the
reaction mixture by the inclusion of a drying agent such
as molecular sieves or anhydrous sodiun sulphate, in order
£o allow the continuation of reverss hydrolysis.
Alternatively, water or alcohol may be removed by
azeotropic distillation in which the solvent mixture 1s
empirically determined to yield selective distillation of

water or alcohel.

The method of the invention is also utilized in
nirreversible’ reactions in which no water or alcohol is
produced. Suitably, a second substrate such as a vinyl-
carboxylic ester or an isopropenyl-sster ig reacted with a
£irst substrate such as glycerol to form the desired sster
product plus acetaldehyde or acetone. This typs of
reaction is termed "irreversible” because the acetaldahyde
or acetone products cannot participate in a l;ydrolytic
reaction. Thus the reaction proceeds in the desired
direction of reverse hydrolysis without removal of the

25
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by=product

In both the above examples, the *donatable leaving group”®
on the second substrate is a chain of carbon atoms. '
According to the present invention, the second substrate
having donatable leaving groups is nixed with the
hydrophilic substrate adsorbed to solid support, in a low
water mediun, with the appropriate enzyme. The nrixture is
agitated at a temperature and for a time sufficient to
produce a high yield of amphiphilic product.

The amount of solid support uped is proportional to the
amount of hydrophilic substrate. When the hydrophilic
substrate is an alcochol or a carbohydrate, the ratio of
solid support to substrate is preferably in the range of
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about 0.3:1.0 to about 10.0:1.0, nore preferably 5.0:1.0,
most preferably 1.0:1.0 (9:g). In the method related to
peptide synthesis, both the £irst and second substrates
are hydrophilic, and both substrates are adsorbed to the
solid support. In this case, the ratio of solid support
to the combined substrates is preferably in the rangs ot
about 0.6:1.0 to about 10.0:1:0, more prefarably 5.0:1.0,
nost preferably 1,0:1.0 (gi1g).

The ratio of solid support to hydrophilic gubatrate is .
gelected to assure that at least ab_out. 108, nore
preferably about 50%, most preferably about 100% of the
hydrophilic asubstrate is adsorbed to solid support. The
sethod of the invention is thus distinguished from
previously published methods in which the amount of solid
support used was only sufficient to adsorb the catalytic
amount of enzyme used. For instance, gchuch et al (Bupxa)
reported adding only 5% (w/w) of immobilized enzyme
preparation. Thus, sven if it iz assumed that the entire
amount of the support upon which the enzyme was
jmmobilized was available for adsorption of the
hydrophilic compound, the proportion of support to
hydrophilic compound was no more than 1120 in the method
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of Bthuch;

In one embodiment of the invention, the hydrophilic
substrate may be mechanioally mixed with the Bolid support
prior to mixing with the second substrate and the
biocatalyst. In a8 second alternative, the hydrophilic
substrats may be disolved in a minimunm amount of a polar
solvent such as methanol and mixed with the solid support.
The bydrophilic substrate adsorbed to solid support is
then isolated from the polar solvent by filtration or by
evaporation, then mixed with the second substrate and the
biccatalyst. 1In a third alternative; the hydrophilic
substrate is mechanically nized with the solid support and
the enzyme to form a slurry, vhich is then packed into a
column through which the second substrate is eirculated.
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The mathod of the invention mey be practiced with any
order of mixing. Thus, the hydrophilic substrate may bs
pre-adsorbad to solid support as dascribed above.
Altarnatively, the hydrophilic substrate, the second
gubstrate, and the non-polar solvent, if necessary, may be
pre-mixed to forr an emulsion prior to addition of soliad

pupport and engyne. _

The eppropriate enzyme is chosen, according to the desired
reaction, from the group listed in Table 1. The enzyme

preparation may bs fre¢ in the form of lyophilized powder,
or nay be preadsorbed onto a different or the same type of
support as the hydrophilic substrate, or may be covalently

attached to support.

Suitably, the enzyme is selected from among & fanmily of
lipases synthesized by nicroorganims such as Mucor mihel,
Paeydomopas. fluorescens, Rhizopus delemsr, and Penicillium
cyclopium. A lipase is an enzyme which, in the presence
of water, cataiyzes the hydrolytic breakdown of fats. In
z low watar environment, certain lipases catalyze the
reverse reaction, reverse hydrolysis, to yield ester
products. Individual 1ipases have selective activity for
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regioisomeric and enantiomeric—forms—of—the-hydrophilic
and the hydrophobic substrate. For instance, a 1,3~
specific lipass fronm Mucor mihai can promote the
production of esters formed exclusively at the 1 and 3
positions of glycercl. Alternstively, a less specitic
1ipase, or a mixture of lipases, may be used in order to
obtain triglycerides. Any lipase may be used provided the
enzyme exhibits the required substrate gpeciticity or
tolerance towards the position, the chain length, and the
degree of saturation of the donatable acyl group. The
selactivity of the enzyme varies from type to type and
deternines which types of products arae formsd. . cmm
1ipases are capable of catalyzing the esterification of
amino acids or peptides, The activities of specific
lipases may be predicted from descriptions in the volume

SUBSTITUTE SHEET



WO 92/14830 . PCT/EP92/80307

10

15

20

=31=

Linanes, ed. Borgstrom, B. and Brockman, H.L., Elsevier,
Anstardan (1984). The enzymss Xnown as glycosidases, 8.g.
S~galactosidasa, are capable of catalyzing the transfer of
glycoeyl groups from glycosylated compounds to
polyalcohols.

The physicsl conditions for the reaction, such as
temperature, stirring, and pressure, may be tailored
according to desired rates and energy input. Tha
texparature usad is suitably between about ~-48°C and about
100°C, and the reaction typically is run for between about
3 hours and about 3 days. The lower temperatura limits
are determined by the freezing point of the sclvent or of
the mixture. For instance, since the freezing point of
hexana is about -30°C, the invention mathod using haxane

_would necessarily be conducted above ~50°C, The optimum

temperature and time depend on the specific reaction and
the enzyms selected, as illustrated by examples
hereinafter. For industrial production, it may be
desirable to run the reactior under less than optimal
conditions because of savings in enargy, or because it may
bo desirable to leave the reaction vessel unattended for a
longer period of tims. Thus, the method of tha invention
pronotes—convenient-and-rapid-enzymatic revaerse
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hydrolysis, producing high yislds of commercially useful
awphiphilic products.

The progress of the reactions are measured by convantional
means such as chromatography (thin layer, gas, high

parformance 1iquid, and the like).

After completa or desired conversions of substrates to
products have been achiaved, the s0lid support and the
enzyme are romoved by conventional means such as simple
filtration or centrifugation. Reaction products are
isolated with ‘high chemical purities by removal of the
crganic solvent through conventional means such as
evaporation.
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In another embodiment of the invention a l1-zono-glyceride
is pelectively produced and precipitated. Buitably, a 1=
monoglyceride is produced by the direct esterification of
glycerol with a free carboxylic acid or with an alkyl or
vinyl ester (Figure 5A). Alternatively, a 1-monoglyceride
pay be produced by the esterification of glycaerol with
carboxylic acid residues from the alcoholysis of a
triglyceride; the alcoholysis is catalyzed by the selected
engyme and occurs concoritantly with the epterification

reaction (Figure 5B).

A sujtakle spparatus for performing thig embodiment of the
{nvention is illustrated is Figure 6. Centrai to this
embodizent is the selection of a solvent or solvent
mixturs which, when cooled, promotes the selective
precipitation of the desirsd 1-monoglyceride product. In
thie embodiment, the hydrophilic first substrate is
glycerol, which may be adsorbed onto solid support. The
glycerol is mixed in & reactor vespsel 1 with & selected
enzyme, the acyl donor, and the selected solvent. The
mixtare is gtirred in the reactor 1 at a temparature
betwesn about -4B°C and about 100°C. The temperature for
+he reactor is selected, according to the enzyme enmployed,
to-allow_the enzymatic esterificaticn activity to produce
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the desired 1-moncglyceride and by-products. The mixture
is drawvn through a filter disc 2 and transferred through a

connector 3 by means of & pump 4 to a separator B which is

cooled to a tamperature which promotes the sslective
precipitation ¢f the 1-ponoglyceride, Under the enployed
conditions, all other products and unreacted substrates,
including 2-mono-, di- and triglycerides, are poluble and
repain in the circulating solution. They are drawn
through another f£ilter disc 6 and transferred -throught a
returm connector 14 to the reactor 1 where they may again

~.serve as acyldonors for thse esterirication of glycerel.

By selocting the optimum solvent mixture and the optimum
temperature for selective precipitation, 1-nonoglycerides
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which ars chemically and isomerically pure can be obtained
in very high yield without any further purification step.

When the acyl donor is a vinyl or isopropsnyl ester or a
triglyceride, watsr or aloohol is not a product of the
reaction and the reaction is irraversible. In this case,
the reaction will procasd to completion in the desired
direction of 1-monoglyceride synthesis without removal of

products.

Wnen the acyl donor is a fres carboxylic acid or a mathyl-
or alkyleester (Figure BA; R' = H, methyl, alkyl), watar
or an aslcohol is a by-product of the reaction; the
reaction is reversible and will go only to equilibrium if
products are nct removed. Pigure 7 illustrates an
apparatus in which water or aleohol by-products are
removed in the practice of the invention. Molecular
sieves 7 of the appropriate pore site are included in the
connector 8 to remove water or alcohol and thus promots
the reaction in the desired direction of eaterification
(raverse hydrolysis). Suitably, water is removed by
nmolecular sisves of a pore size of 3 A, methanol by a pore
size of ¢ A. Al) other components in Figure 7 are
equivalent to those in Pigqure 6, 1.8. reactor 9, filter
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dise 10, pump 11, separator 12, filter disc 13, return
connsctor 16.

The molar ratios of glycercl and the corrssponding
acyldenor may be varied to produca variable mixtures of
mono- and diglycarides in the reaction mixture. In order
to maximize the ylelds of the desired moneglycerides, the
stoichiometrically appropriats molar ratios of glycerol to
acyldonors are employed (a.g. 1 mole glycerol:l mole
donatable acyl group). Whers economically desirable, 2
nolar excess of one substrate nay ba used.

Any lipase may be used that is stadble in the selected
solvent and that is active towards the acyldonor employed.
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If a freeo fatty acid or its ester is the acyldonor, a
lipase is selected that has spacificity for tha carbon
chain characteristics of the acyl group, i.8. chain
length, degree of saturation. For instance, lipases fronm
A, piger and G. candidun are essentially inactive towards
jauric acid or laurate esters (see Example 3). If laurate
is the acyl donor of choice, the lipase is guitably chosen
from M, nihei, B. delemar, or P. fluorescens, all of vhich

are active towards laurate.

1£ di- and triglycerides are to ba employed as acyldoners,
the regiospecificities of the lipases are congidered. For
instance, the lipass from M, mihei has ppecific activity
for the acyl groups at the 1 and 3 positions of di- or
triglycerides and lsaves the acyl group at the 2 position
unreacted. For afficient and guantitative consunption of
the acyl donor, preferably lipases with activity alsoc on
the 2-position of glycerides are exployed. Examples
include lipases derived from Rgeudomonas species or from

Penicilliup cvelepiun.

The optimum solvent mixture and optimum temperatures for
reaction and precipitation are empirically determined for

sach—desired-nono-glycarida product. Suitably, when the

PCT/EP92/00307
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desired product is a l-ponoglyceride, the solvent is a
mixture of t-BuOMe:n-hexane in the proportion of about

:100 to about 1:10, prefereably 1:1 {vols:vol:).
Alternatively, when a suitable acyldonor is employad, the
solvent may be 1003 n-hexane. The solvent composition is
entirely dependent on the product. @esired. Yor production
of 1-monoglyceride, the tempsrature in the reaction vessel
is between about -48°C to 100°C, more preferable 20°C to
60°C, most prefarably 25°'C to 35°C. For specific
precipitation of 1-monoglyceride, the temperature in tha
separator is between about -49°C to 15°C, more preferably
patween about -10°C to 10°C, most preferably 2°C.
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A further embodiment of the invention provides a nethod
for the production of a peptide-ester through the lipase
catalyzed reaction of a peptide or an amino acid with a
vinyl-sstsr. BSuitably, the alpha-amino groups of the
anino acids are protected by the covalently bondad g-group
(% = carbobenzyloxy). The amino acid or peptide is
adsorbed to solid support and reacted with a donatable
gsource of acyl group such as a vinylecarboxylic acid,
Through the catalytic action of the lipase, the carboxylic
acid residue is covalently bound to the hydroxyl residue
of the amino acid or peptide to form an amino-acid-ester
or peptide aster.

A further embodiment of the invention provides methods for
the enzymatic production of glycosides such as
oligosaccharidaes, glycoproteins, and glycolipids.
Suitably, a hydrophilic irst substrate containing a
glycosyl moiety is adsorbed to solid support and mixed
with a second substrate such as a polyalcohol, and a
glycosidase, such as f-galactosidase. The anzyme
catalyzes the transfer of glycosyl moities from the first
substrate to the hydroxyl groups of the second sudbstrate
to form the dasired glycoside product.

25
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A further smbodiment of the invention provides xethods for
the enzymatic synthesis of peptides. The hySrophilic
£irst substrate in these reactions is a carboxyl-protected
anino acid or peptide with a free primary amino group.

Tha term "carboxyl-protectad " refars to an anino acid or
peptide in which each carboxyl-group is covalently linked
to a group such ap a tert-amyl sster, a beneyl ester, or
an alkyl ester, which prevents the carboxyl group from
participating in the reaction. The term “fres primary
amino group" refers to an unsubstituted amine such a
R-NH,, where R refers to an organic residue bonded by 2
carbon-nitrogen bond to the amine.
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In the peptide synthesis embodinent, the sacond substrate
iz an amino-proteotsd amino acid or amino-protected
peptide with at lsast cne carboxylic acid astar. The texm
samino-protectad® refers to an amino acid or a peptide in
which each amino group is covalently linked to a
protecting group such as an acetyl, an anide, a tart-
butyloxycarboryl, or a trifluorcacetyl group, vhich
prevants the amino group fronm participating in the
reaction. The first substrate and the second substrate
are dissolvad together in a polar solvent, mixed with a
g0lid gupport such as silica gel, and both substrates
adgorb to the solid support The polar solvent is than
removed under vacuun. The combined first and second
substrates and solid support are then mixed with a non-
polar sclvent such as n-hexane and & peptidase such as
alpha-chysotrypsin. The enzyme catalyzes the aminolysis
of the carboxylio acid ester to make a peptide bond to

' form the desired peptida product.

A further enbodiment of the invention provides methods. for
the synthesis of a glycercl phosphats. Suitably, a '
hydrophilic substrate such 8s glycerol is adsorbed to a
solid support such as silica gel and nixed with a non-

25

30

35

polar solvent such a5 t=butylmethylether:—To-this-mixture
is added a phosphate donor such as a phosphate ester of an
alcochol or of a phencl, or a carboxylic acid-phosphoric
acid mixed anhydride. The reaction is catalyzed by a
phosphatase such as acid phosphatase from potato. The
phesphatase catalyzes the transfer of the phosphoryl
nofety to the primary alcohol functions of glycerol to
form the glycerol phosphate., This method mey also be
applied to the enzymatically caﬁalyzed gyntheeis of
phosphaten of other alcchols, of sugars, and of
nucleosides. Examples of phosphaﬁe group donors which
may be employed are n-butylphosphate,
methoxycsrbenyliphosphate, and vinylphosphate, Examplas
of other hydrophilic substratss which may be employed are
dihydroxyacetone, glucose, and thymidina. The enzyme '
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catalyst may be an alkaline phosphatass, for instance,
from B, £oli, BSuch reactions may produce, for instancs,
dihydroxyacatone~1-phosphate, D-glucose-6-phosphats, or
thynmidine-5'-phosphata, respectively.

A further embodiment of the invention provides
compasitions of hydrophilic substrates adsorbed to a solid
support. When tha adsorbed substrate is an alcohol or a
carbohydrate, the ratio of subastrate to solid support is
preferably in the range of adout 1.0:0.3 to about
1,0:10.0, more preferably 1.0:5.0, most preferably 1.0:1.0
(g:q9). The composition may also comprize two substrates
adsorbed to the solid support, as in a composition used
for peptide syntheeis. In this case, the ratio of the
combined substrates to sclid support is preferadbly in the
range of about 1.030.6 to about 1.0:10.0, nmore praferably
1.0:5.0, most preferably 1.0:1.0 (giq).

In the conpositions, the hydrophilic substrate i=
disparsed in a thin layer of molecules on ths surface of a
tinely divided Bolid support such as silica gel to provide
a large exposed surface area of subsztrate. In
compositions having two substrates adsorbed to the solid
guppert, the subatrates are also dispersed in thin
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mclecular l1ayers on the surface of the support. It i8
postulated that this dlspersion allows the adsorbed
substrate(s) to underge rapid two~dimensional Aiffusion
from the hydrophilic support through lipophilic interfaces
to reach the enzyma active sits. Preferably, the surface
of the solid support is fully saturated with the
hydrophilic sukbstrate(s) in ovder to present the maxinmum
nunber of rsactive nolecules to the enzyme, thus speeding
the reaction. On the macromolscular level, the new
compositions, comprising one or two hydrophilic substrates
adsorbed to the solid support, take the form of a free-
£lowing powder. o : ' '
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The actual ratio of substrate(s) to solid support in a
given composition can be determined using methods well
¥nown in the art of organic chemistry. For instance, the
composition can bs heated at 300°C for sevaral hours, amnd
the loss of weight determined in comparison to & control
(s01id support without substrate). '

The following examples illustrate specific embodiments of
the present invention.

RXAMELE
This example demonstrates the efficacy of various types of
solid support. One gram of glycerocl was mechanically
mivad with 1 om of silicagel (230-400 meszh, Merck), or
other solid support (see Table 2) until a homogeneous,
free flowing powder was obtained. The glycerol adsorbed
to solid support was then mixed with 0.4 gm of
vinyllaurate as acyldonor, and 100 mg of immobilized
preparation of lipase from Mucoxr mihei (Lipozyme, Novo),
in 10 ml of t-butylmethylethar (t-BuCMe). As a control,
the same amounts and types of substrates, biocatalyst, and

solvent were mixed without added solid support. The
sixtures were stirred for the indicated number of days
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(s8¢ Table 2y at 25*C et atnospheric-pressures—The-enzyne

was ramoved by filtration and the products were recovered
from the organic phase by evaporation of the organic
solvent. The products were analyzed gualitatively by
thin-layer chromotography (TLC}, followed by quantitative
analysis using gus chromotography (GC}.

The control mixtures (i.e. without solid support to adsord
glycerol) remained biphasic and the enzymes precipitated
at the interphase leading to a gel which proved impossible
to recover. Thus, no conversion was obeerved in the
control mixtures without added support after 7 days.

Regsults wera expresged as the percent of vinyllaurate
converted to mono~ di~ and triglycerides (Table 2). The
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proauct composition was a conseguence of the
regiosalectivity of the biocatalyst, which in this case,

the lipase from Mucor mibai, was relatively selective for
the one and thres hydroxyl groups of glycerol, resulting
5 in a preponderance of mono~ and diglyceride products.

As ghown in Table 2, the most sefficient supports were
silicagel (Aerosil), Plorisil, and activated charcoal.
However, all the supports listed are potentially useful.
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rTable 2. Enzynic esterifications of glycerel on different
supports — U—
Products
carrier 1 €(4) L § Mono- | Di- | Tri-
conv.

1 Inorganic ' ¢glycsrides
810, 3 100 | 70 -
Florisil 2] 95 30| 65 -
7 100 30 65 5
14 100 30 60 10
Chromosorb WAW 2 €0 10| 50 -
7 70 20 50 -
- 14 55 35 60 -
10 Chromosord WHP 2 70 30 40 -
3 80 20 60 -
7 85 25 60 -
14 93 38 50 -
Volaspher 2 60 30} 30| -~
3 80 a0 60 -
? 50 30 4] -
14 $5 35 60 -
Celite 545 2 60 20 40 -
3 85 25 60 | -
7 1] 3o 65 -
14 95 30 €3 -
calite 538 2] . 6D 20 40 -
'3 83 25 60 -
¥ 85 30 65 -
14 100 30 70 -
activated charcoal 2 50 40 20 -
3} 95 25 70 -
7 100 - 30 70 -
24 100 30 70 -
15 porous, glass beads 2 85 30 65, -
348 A pore size 7] 100] .- 30| 65 5
14 100 30 60 10
- poreus glass beads 2 581 30 1] -
810 A pore size ? 100 30 (1] 5
— 14 100 30l 60 10
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Table 2. (Continued)
Enzynmic ssterifications of glycerol on different

5 Carrisxr t(4) Mono-{ Di- | Tri-
CONV.
Inorganig glycerides
aluminum oxide 2 - 60 20 40 -
neutral 3 85 25 60 -
7 95 30 &5 -
1¢ 100 30 70 -
10 aluninun oxide 2 80 20 40. -
basio 3 85| a5 60 -
7 95 30 65 -
14 100 30 20 -
Triacetylcellulose 2 50 10 40 -
b 7 30f 40| -}
14 80 30 50 -
Triacetylcellulose 2 60} 10| B30 -
15 crosslinked 7 70 30| 40 -t
14 80 o] B0 -
Starch 2 <13 5 30 -
7 50 15 as -
14 75 25 50 -
BXAMPLE 2

‘In order to determine the effectes of different solvents on
the rates of conversion of glycerol to products, the

20 expsrimental protocol of Example 1 was repeated, using
silicagel as solid support, and using the solvants listed
in Table 2.

The reactions ware carried out at 25°C for 24 hours, after
which the percent molar converzion of vinyllaurate to

25 products vas measured as in Example 1. The activity was
calculated as § molar conversion divided by time. Results
are ligted in:Table 3 a¢ relative activity, based on the
raastion rate with n-hexane as 1.00%.
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g shown in Table 3, a wide variety of solvents vars
suitable for the reaction. Due to their high relative
activity, n-hexane, toluene oF t-BuOMa may be the solvents
of choice for many types of reactiens. The other listed
solvents may be useful in cases where the acyldonor is

5
insoluble (or little scluble) in hexane, toluens, or t-
BudMe., ' '
zable 3. Esterifications in organic solvents
S A== R A ——
Solvant ' rel. activity
10 n~hexane 100
toluens 96
+t-BudMe 82
Et0 79
methyliscbutylketons : 68
15 vinylacetate ) €3
' ethylsocetats 53
t-butanol 45
acetone 43
dichlormethane 42
20 THF . ‘428
acetonitrile 23
DMF ' -
DMA -
DMSO -
25 EXAMPLE 3 .
These experiments were designed to determine which types
of lipase praparations would be sufficient to catalyze an
eateritication reaction according to the methed of the
invention. '
30 EXAMPLE 3A: Glycerol {0.92 g, 10 mmol) was mixed

rechanically with 1.0 g 8ilicagel (Merck 230~4007 mesh)
until the glycerol liquid was completely absorbed. The
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fras flowing, dry Mdnz was mixsd with 10 g t~BuOMe and
5.42 g (24 mmol) vinylleurats (molar excess) to which was
added either 150 mg of crude lipase from Pgeudomonas
flvorescens {Amano Pharmaceutical Co., Nagoya, Japan) or
324 mg of Lipozyne.

The reaction catalyzed by Lipozyme vas nearly complete
after 3 hours. Products from tha Lipozyme reaction were
analyzed by TLC., After removal of the solid components by
filtration and during evaporation of the solvent 4.9 ¢
(100%) of crude 1.3-dilaurin crystallized out,
Racrystallization fron n-pantana produced 4.6 g (95%) of
pure :,3-dilaurin, white crystals mp 57°C, Percant yialds
were calculated based onh molar conversion of glycerol to

product.

The reaction mixture from R. fluorescens was f£iltered
after 30 hours, the filter was washed twice with 20 ml
tBuOMa and the solvent was removed in vacue (rotovapor).
The resulting crude product mixture (4.7 g, 96%) was
separated by LC on Si0; producing 0.5 zmmol (5%) Trilaurin,
8.54 mmwol (85%) 1.3~Dilaurin and 1.1 mmo)l (11%)
monolaurin. Percent yields were calculated based on molar
conversion of glycerol to products.

25

30

EXAMPLE 3B: In order to Getermine the time dependence of.
esterification reactions on the specific enzymes employed,
the following experiments were carried cut using the same
conditions as outlined in Exarple 1 (molar excess of
glycerol) with the exception that the following enzyme
preparations were used: Rhizopus dalemar, gandids
cylindracea, Panipilljum cvclopium (Amano Pharmaceutical

Co., Nagoya, Japan). The mixtures wre stirred at room
tenperature at 750 rpr and samples were drawn at the times
indicated in Figure 1 for analysis (TLC, Et;0:n-hexane,
i:1, I,~davelopment, verified by GC). L :
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Tha rsaction catalyzed by lipase from R, delepmar was
essentially complets by 45 hours, as orly traces of the
original starting amount of vinyllaurate remained. Tha
1ipase preparations from E..gvclopium and C. ovlindracea
vers somewhat less efficient as the reactions were about
§0% to 50% conmplate after 100 hours. ‘

EXAMPLE 4
This experiment was designed to test whether the method of
the invantion could be scaled up for industrial use.

Glycerol (46 g, 0.5 mol) was mechanically adsorbed on 46 g
silicagel and suspshded in 1 liter of tBuOMe to which

226 ¢ vinyllaurate had besen added. ‘After addition of 1.0
g Lypozyme, the mixturs was stirred at room temperature
for 48 houre. After removal of the solid components by
fiitration and evaporation of the solvent, 226 ¢ of crude
glycerides (85% 1,3~dilaurin) wers obtained. Tha
glycarides were dissolved in n-heiane and the solution was
filterad over 300 g silicagel. The resulting solution was
cooled to -30°C resulting in 160 ¢ (70%) of 1,3-dilaurin;
the remaining products were recovered from the mother
liquids. By recrystallization froz n-hexane, 1,3~dilavrin
was_obtained in isomerically pure form (nes Exazple 1

25
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abova) .

» EXBMPLE D
This exanple demonstrates the preparation of glycerides

from various vinylesters.

Glycerol (10 mmol) was adsorbed to 1 gam of silicagel, then
suspended in 10 ml tBuOMe. vVinylester (vinylvalerate,
caprylate, laurate, or palmitate) was added in the amount
of 20 mmol, after which 50 mg of Lipozyme was added. The
mixtures were stirred for 24 hours at room temperature.
After removal of the enzyme and silicagel, the solvent was
evaporated to yield orude products, The crude products
were dissolved in n-hexane, filtered over silicagel and
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cooled to =30°C. The resulting mixture contained $3-90%
of 1,3-diglycerides with >95% purity. ’

EXAMELE_S
This experiment was designed to test the effact of
inclusion of molecular sisves to remove water from the
reaction mixture during the direct esterification of

glycerol with fatty acids,

carboxylic acids [caprylic acid, ©8; lauric acid, ci3;
palmitic acid, C16; 20 mmol each) and 10 mmol of glycerol
preadsorbed to 1 gm of silicagel were suspended in 20 =1
of tBuOMa. After addition of 30 mg immobilized lipase
f£rom Mucor mihei and 3 g 3 A molecular sieves, the mixture
was stirred for 48 hours at room temperature. After
removal of all solids by filtration, the organic phase was
washed with NaHCO;-solution to remove traces of tha fatty
acids. After the separation steps deacribed in Example 3,
1,3-diglycerides were obtained typically in yields from
65-88%.

EXAMPLE 7
This experiment was designed to demonatrata the

25

30

sstaerification-of-ethylane-glycol

Ethyleneglycol (0.621 g, 10 mmol) was mixed mechznically
with 1 ¢ Silicagel (Merck 230-400 mash) until the liquid
was completely mbsorbed. The fres flowing, dry powder was
mixed with 12 g t~BuOMe and 4.75 ¢ (21 mmol) vinyllaurats
to uhich 150 mg of crude lipase from Pagudomonag gp. was
added. Ths mixture was stirred at room temperature at 750
rpu for 8 hours after which the reaction was complate.

TLC analysis showed no trace of starting material, l.e.
quantitative conversion of substrates was achisvsd.
Ethyleneglycoldilaurate in the amocunt of 4.0 gm (91%) was . .
isolated. ' ' ' o
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EXAMPLE B
This example demonstrates the production of polyesters.

Ethyleneglycol (0.621 g, 10 mmol) adsorbed on 1 g of 8i02
{silicagel) was reacted with 2.0 g (10.09 mmol) of
divinyladipate in 10 g of t~-BuOMe in the presence of 150

mg of crude lipase from Paauydomonas fluorezcapg. After 8
days the mixture was analyzed and found to contain a

nixture of polyesters.
This experiment was designed to assess the dapendence of
the reaction rates on the msthod of preparing the

adsorption of hydrophilic substrate. Percent adsorption
was datermined by collecting a sample of the

silicagel /glycerol complex and (a) extracting the glycersl
from the silicagel by washing with water, and quantifying
the amount of glycarol by conventional chromotographic or
enzymated methods, or alternatively by (b) drying at room
temperature under vacuum and determining the weight

increasea.

Preparaticn 1.1. 2As desoribed in the above examples,
glycarol was mechanically mixed with an egual amount of

25
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silicagel (230-400 mesh, Merck) until a homogensous, free
£lowing powder was obtained.,

Praeparation 1.2. The glycerol was dissolved in a

ninimun quantity (1g/10 ml) methanol (MeoH) te which an
egual amount of silioa gel was added. After stirring Zor
two hours the silica gsl was isolated by filtration and
the filter cake dried in air. Only about 70% of the
original starting amount of glycerol remained adsorbed on
the silicagel in this preparation.

Preparation 1.3. The glycerol was mixed with a minimum

quantitiy of acetonitrile (ig/10ml) and adsorbsd onto
silicagel. The silicage)l was isolatad as in 1.2 above.
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Only about 65% of the criginal starting amount of glycerxol
remained adsorbed on-the silicagel.

Preparation 1.4. The glycerol was mixed vith MeOH and
adsorbed onto silicagel as in Preparation 1.2 above.

The MeOH was removed from the suspension on a rotavapor in
vacuun,

Preparation 1.5. This preparation was ths same as
Preparation 1.4, with the exception that acetonitrile was

used in place of NeOH.

All glycerol preparations were then epterified using 50 nmg
of an immobilized preparation of lipase from Mucor mihei
(Lipozyme, Novo) as biocatalyst and 2.0 g vinyllaurate as
acyldonor, in 8.0 ml t-BuOMe with 0.5 gn glycerol adsobed
on silicagel. The reactions were monitored via the
consunption of vinyllaurate (riguras 2).

As shown in Figure 2, all the above presparations yielded
satistactory results. Praparation 1.4 (adsorption from

MetOH) produced the most homogeneous silicagsl/glycerol

preparstion with the best handling characteristics.

30

25

It should be noted that a hydrophoblc solvent such as t=
BuOMs was not sssential for the esterification in this
exazple since the acyldonor, vinyllaurate, was a liquid.
The adsorbed glycerol, together with the biocatalyst, may
be dispersed directly in the ligquid second substrats. The
rate of conversion, however, may be different.

. : EXAMPLE 10
This experimant was designed to assess whether it was
necessary to pre-adsord the hydrophilic substrats before

conducting the reaction.
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Preparation 2.1, This vas the control preparation in
which the glycerol was pre-adsorbed on the silicagel as in

Example 9, preparation 1.1.

Preparation 2.2. In a 10 =l £lask 0.47 g (5 mmol) of
glycerol, 2 g (10 mmol) of vinyllaurate and 8 m1 of
t£-BuOMa were thoroughly mixed, To the forzmed emulsion,
0.5 g of silicagel were added and the mixture was stirred
for about 1-2 minutes. Then 50 xg of Lipozyne was added
and the resulting mixture was stirred for a total of 24
hours. At regular intervals, samples wers drawn and

analyzed.

Preparation 2.3. 2as in Preparation 2.2, the glycerol,
vinyllaurate, and t-BuOME were mixed to torn an emulsion.
In this cass, the Lipozyms was added and stirred for 1-2
minutes prior to adding tha silicagel.

The results (Figure 3) showed that rates of conversien
wers comparable among all thres praparations. Preparation
2.1 was the famtest; however, when silicagal was added
later (2.2 and 2,3) the reaction rate was satiasfactory dus

to adsorption of glycercl in situ onto the silicagel..

25
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EXAMPLE 13 :
This expsriment vas designed to deternine whather solid,
hydrephilic aleohol could be esterified uszing the method
of the invention. '

Preparation 3.1. Sorbitcl was mechanically mixed with an
equal amount of silicagel using a mortar and pastle until
a fres flowing, homogsnsous appearing nixturs was

obtainad.

' Preparation 3.2 Sorbitol wes dissolved in a minimum.

quantity of 99% MeOH to which an equal smount of silicagel
was added. After stirring for 2 hours, the silicagel was
recovered by filtration and dried. only 45% of tha
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original starting amount of sorbitol remained on the
support. ’

Preparation 3.3. Borbitol was dissolved in a ninimum .
quantity of 99% MeOH to vhich an equal amount of silicagel
wvas added. The solvent vas then removed under vacuum
uiing a rotavapor. The residue, a fred floving powdsr,
was uged directly in the esterification reaction. ’

sorbitol (0.8 g, corrected for the amount renmaining after
adsorption), 0.4 g vinyllauratse, 50 =g immobilized lipase

‘from Mucor mihei (Lipozyms, Novo) and 8 ml t-BuOMe were

nmixed and stirred for a total of 24 hours. At regular
{ntervals samples were drawn from the mixture and analyzed
by TLC (Figure 4). From all three adsorbad preparations,
esterification was observed. Clearly the fastast reaction
was observed with the material prepared sccording to
method 3.3 (adsorption from NeOH and solvent ramoval under

vacuum) .

EXAMPLE 12 :
This experiment was designed to aesass tha affect on
esterification of the ratioc of solid support to glycerol.

25

30

Glycarol (0.92 g, 10 mmol) was adsorbed on varying amounts
(0, 0.3, 0.6 and 1 g) of silicagel (Merck 230-400 mesh)
and esterified as in Exampla 1 in t-BuOMe with 5.42 g (24
mmol) of vinyllaurate as acyldonor. An esterification
catalyst, 150 mg of lipase derived fronm Pseudomonas
fluorescens wera enployed.

After an incubation time of 30 hours all reaction nixtures
were analysed by TLC and worked up for guantitative
product isolation. Only the saxples containing 0.6 and

1 g of ‘silicagel shewed complete conversion of glycerol to
ester produst. The results are sumsarized in Table 4.

For ogficient conversion, it is preferabls to use a
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silicagal:glycerol ratio greater than about 0.6:10
(gexmol) .

Table 4:
. Mono- | Di- | Tri-
(g)8i02 | conversion % yisld laurate

0 inconplete trace — - -
0.3 inconplets 45 42 - -
0.6 ¢conplete quant. - 82 18
1.0 complete quant. 11 85 4 l

EXAMPLE. 23

This experiment was designed to asseas whether & solid
carbohydrate, glucose, could be esterified according to

the method of the invention.

p-glucose (0.412 g, 2.29 mwol) adsorbed on 0.588 g of
silicagel was added to a mixture of 20 ml t~BuOCMa and 30
zmol of sither vinylacstats, vinylbutyrate, or
vinyllaurate as acyl donor. Aftar addition of 200 ng
lipase derived from Pseudcmonas flucrescens the mixtures.

U Or‘,_.timd_tori‘_d‘y. R n.:gac‘u,cnanimrﬁl-me ther

tiltered and the filter cakes were wvashed thoroughly with
fresh t~BuOMe. The solvant was ranoved on a rotavapor and

the residue dried on a high vacuum line.

From the reactions using vinylacetates as acyl donor, 370
mg of a yellow syrup were obtained and separated by

chromotography yielding three fractions:

(1) 73 mg syrup RF=0.96 (front); d-glucose-2,4,6~
triacetate.
{(2) 185 mg syrup RF»0.79} d-qluqqu_-:.ﬁ»diacctqt..
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(3) 100 mg oolorless crystals, RP=0,.54; D-glucose-6~
agetate. )
(8olvent for chromatographys EtOAct
2-propanoliH,0=600:270:130; Nuclear Magnetic
Resonance [NMR] analysis conducted at 400 MHz.)

Fron the reaction using vinylbutyrate as acyldonor, 580 ng
of a colorless syrup was obtained. Separation by
chropatography on silicagel yielded 60 mg crystalline
paterial, RF=0.69; d-glucose-S-butyrate. -

" Pronm the reaction using vinyllaurate as acyl dohor, s.8 g

of a colorless liquid remained, conmisting nainly of
excess vinyllaurata and lauric acid. TIC analysis
revealed that mainly preduct(s) of low polarity wvith
RF=0,9¢ had been formed. After a few days of standing at
room temperature, the mixture crystallized and the
crystals were imsolated by filtration. NKMR analysis
demonstrated the formation of D-glucose-6-laurate.

As a control, esterification of D-glucose witheut solid
support was attempted. 1.8 g (10 mmol) of anhydrous
D-glucose vas added to a mixture of 4.6 m1 (50 mmol)
vinylacetate in 20 ml of t-BuOMe. After addition of 300

a3

30

rg lipase derived from Paeudomonas fluorsscens the aixture =

was stirred at room temperature for 14 days. After that
the reaction mixture was filtered and the filter cake
washed with frash t-BuOMe. The solvent vas renoved on a

_rotavapor and the residue dried on a high vacuum line.

obtained were 60 mg of a colorless syrup, corresponding to
a yield of less than 5% based on convarsion of D-glucese.

In summary, tha results from this experiment indiocated
that D-glucoss could be esterified according to the method
of the invention. The main products were D-glucose=6-
acetate, D-glucose~2, 6-diacetate, and D-glucose-2,4,6-
triacatate. 7The yialds rangsd from 30% to 508%. '
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EXAMPLE 14
This exanple daxmonstrates the production of isomerically
and chemically pura l-monoglyceride by direct
esterification of glycerol with fres carboxylic acid. In

this context, the term "chenmically pure” refers to a
preparation of 1-monoglyceride substantially frea of

2-monoglycerides, diglycerides, and triglycerides. The
tern "isomerically pure”.refers to a preparation of 1~
monoglyceride substantially free of 2-monoglycerides.

The amounts and types of subatrates and silicagel used are
jndicated in Table 5. The glycerol vas preadsorbed onto
the silicagel as in Example 3, then mixed in the reactoer
vessel (FPigurs 7,7) with the indicated carboxylic acid and
100 mg of Lipozyme suspended in 80 ml of & 1:1 mixturs of
t-BuOMe/n-haxane, The reactor 7 was connected with ths
separator 11 via a column filled with 3 A molecular sievas
6 to remove water produced in this reaction. The reaction
mixture wag stirred in the reactor 7 at a temperatura of

25°C at atmospharic pressure.

The separator (Figure 7,11) was cooled to 2°C. " The
polution was circulated continuously from the reactor 7
(maintained at 25°C) to the separator 11 (maintained at

25
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one in the outlst from the separator 12, werse enployed to
retain solid materials. A precipitate was obsarved
forming in the cooled separator 11. At the tines
indicated in Table 5, the reaction was terninated and the
product precipitated in the separator 11 was collected by
sizple sucticn filtration. The precipitate vas washed
vith two volumes of cold n-hsxanse and analyzed by gas
chromotography of the trimethylsilylether (TMS)

. dexivative. The TNS glerivativs was producad by reacting a
- hydroxylgroup with trimethylsilylchloride to produce the

volatile TM$ derivative for analysis by gas
chromatography. The pure 1-monoglycerids products were
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obtained with isomeric and chamical purities greater than
5%,  As shown in Table 5, column 1, vhen qudorol vas
vaed in excess, '50% yield was obtained within 48 hours
(percent yield based on molar conversion of lauric acid).

8 When stoichiometric amounts of reactants were used
{oolumns 2 and 3), the reactions progressed more slowly; a
yield of 86% was obtained by 120 hours (Table 3).

TABLE 5
RIS £
A Glycsrol 4.0g |1.859 | 1.859

10 : 8ilicagel 4,09 J1.99 |1.99

carboxylic 3.0 |4.0g |6.0'g

acid

Solvent 8oml 8oml 100m}

$ vield: '
15 24 hrs. 34!

48 hra. 90% 20%

130 hrs, : , 86%

MCSRT

1 = lauric acid
8 = gtearic acid

20 mmw

pure i-monclaurin by esterification of glycerol with
vinyllaurate.

The amounts of Substrates and silicagel are indicated in

25 Table €. AS in Example 3, the glycerol was preadsorbed to
the silicagel, then mixed in the reactor (Figura 6,1) with
the vinyllaurata and 100 mg of Liporyms in 80 2l of a 131
mixture of t~BuOMe/n-hexans.

The reactor 1 vas connected with the separator 5 as shown

"~ 30 in pigure 6. This system differs from that used in

Example 14 only in the elimination of the molecular sieves
in the connector. Molscular sieves are not necessary in
this reaction, since water or alcohol is not a by-product,
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The solution was stirred in the reactor 1 at a tenmparaturs
of 25°C at atmospheric pressure, As in Pxarple 14, the
geparator 5 was cooled to 2°C and the solution was
circulated through the system at a rate of 1 ml/ain for
the indicated tims. The pracipitate was collected,
vaghed, and analyzed as in Exauple 14, As shown in Table
6, tha pure l-monolaurin product was obtained in ylelds of
27% to 90% with isomeric purity greater than 97% as
deternined by gas chromatography analysis of the TMB
derivatives.

TABLE 6

B M m e

Glycerol  14.0g |1.85q |
Mﬁl 4.0 | 2.99

Vinyle 2.09 | 4.59
laurats
Bolveant goml | 80ml
% Yield: i
24 hrs. 27%
48 hrs. 73% j
$6 hra. 90%
S W‘_

- This expsriment was dasignod to test the mthod of the

25
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invention in the larger scals production of i-monolaurin
through the enzynmatic esterification of glycerol with

mathyllaurate.

Glycerol (23 g, 250 mmol) was adsorbed on 23 g of
silicagel as in Example 1. Methyllaurate (53 g, 0.25
nel) and 500 mg Lipozyme wers suspsnded with the adsorbed
glycerol in 500 ml of a 131 mixture of t-BuOMe/n-hexane in
the reactor depioted in Figure €., Molecular sleves of
pore size & A wers employed to remove the methanol by-

product; thereby promoting the reaction in the desired

direction of raversa hydrolysis.
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As in Example 14, the ssparator was cooled to 2°C and the -
solution was circulated through the systex. The
precipitate was collected from the separator and analyzed’
as in Example 14. After 48 hours, 17.8 g (26% yield)

5 1-monoxaurs.n was collected from the separator. After 144
hours, 45.9 ¢ (67% yield) of this naterial was produced
with >99% isomaric and chemical purity.

EXAMPLE A2
This example demonstrates the production of pure

10 21-monolaurin by esterification of glycerol with the
triglyceride trilaurin as acyldonor. The experinent was
conducted as in Example 13, with the excaption that
instead of Lipozyms, 100 mg of immobilized lipase from B
fluorescens was used (Amano Pharmaceutical Co, Itd.,

15 Nagoya, Japan). Lipase from p. fluorescens has activity
towards all three positions of the triglyceride and thus
aeffectively renoves all the acyl groups from the
acyldonor. In contrast, ths lipase from u._mj.hn.l
(Lipozyme) exhibits specificity towards the 1 and 3

20 positions of the triglyceride and would not be akle to
effectively rameve ths acyl group from the 2 position of

trilaurin. The amounts of substrates and solid support

... ... . .are indicated in Table 7. As shown in Tabls 7, yields of

between 21% and 80% wera obtained with an isomeric purity

25 of 1-menolaurin greater than 95%. When glycerocl was used
in molar excess (column 1, Table 7), the reaction
proceeded rapidly to 80% yield within 48 bours. When
stoichiometric amounts of reactants were. amployed (colunn
2, Table 7), the reaction proceedsd mors slowly to 78%

30 yisld after 96 hours,
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™ ;
Glycerol
silicagel
Trilaurin
‘Solvent .
$ Yield:
24 hrs. 21%
48 hra. 808
§ 96 hrs. ' 75%

EXAMPLE 18
This example demonstrates the production of pure
1=monopalmitin by the esterification of glycerol with
mathylpalmitate. The experimaent was conducted as in
Exanple 15 using 5.4 g (20 mmol) of methylpalmitats,
1.85 g (20 mol) of glycerol adscrbed on 1.9 g of
silicagel and 100 mg of Lipozyme in 200 m)l of the solvent

nixture used in Exanpls 18,

After 48 hours, 2.31 g (35% yield) of i1-moncpalmitin with

_»97%_iscmeric purity was obtained, ‘

EXAMPLE 19
Thie exampls demonstrates the use of solid support in a
coiumn as an alternative to ‘the methods of praparation of

adsorbed substrate employsd in Bxample 9.

Glycerol (3.7 g, 20 mmol) was mechanically mixed with 4 9
of silicagel and 100 mg of Lipozyme. The nixture was

packed into a glass column (8 mn X 13 om). A solution of
9.0 g vinyllaurate in 20 ml ‘of t-BuOMo was ciroulated vis
a menbrane pump through the column at a rate of 5 »ml/min

for a total of 2¢ hours. The column was then flushed .with

20 ml1 fresh t-BuOMe and all organic phases wera ramoved.
The remaining viscous material was dissolved in n-hexane
and flash chromatographed through a short silica gel
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column. The solution was cooled to -20°C, which onused
crude 1,3 dilaurate (about $5% pure) to orystallize out,
After recrystallization from n-hexane, 8.2 g (50% yield)
1,3-dilaurin was obtained as whita crystals with a
chemjcal purity of greater than 99%, as detornined by gas

chromatography.

~ EXAMPLE 20
This example demonstrates the production of a peptide-
sster. The hydrophilic eubstrate employed was Z-L-ssrine
(8igna Chemical Co., St. Louis, MO). The *2% noiety ia
the carbobenzyloxy protection group which ie covalently
linked to the alpha-amino group of serine in order to
prevent the formation of zwitterions and in order to
provide only one nucleophilic group for acceptance of the

-acyl group,

t=l-serine (0.4785 g, 2 mmol) waz adsorbed on 2 g
silicagel using acetone as solvent as described in Example
9, preparation 1.4. The resulting free-flowing powder was
mixed with 20 mol t-BuOMe and 10 mmol of vinylvnlcratd'
(1.28 g) or 10 mmol of vinyllaurate (2.26 g). To this
mixture was added 1 g of Lipozyma. Tha mixture was shaken

..at.350 rpm at 30°C for 24 hours, after which all solids

25
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were removed by filtration. From the resulting organic
phasa, the solvent was removed by svaporation (rotavapor)
anad the resulting residue was flash chromatographed on
silicagel to ramove excess vinylvalesrats or vinyllaurate
(n-hexane:t-BuOMe, 1t1, followed by acetonatmethanol,
411). After removal of all solvent the solid residue was
recrystallized from n-hexans. Obtained from tha raaction
vith vinylvalerate: 0.576 ¢ (94 & yield) of Z-L-serine
valerate as colorless orystals, m.p. 188-189°C;

te)20 = -5.0%te = 1, cHCL,) .
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obtained from the reaction with vinyllaurate: 0,776 § (3%
yield) of z-I~serina laurate as colorless powder, ®.p.

160~-162°C;

[¢]2D° = +2‘.0' ‘c -3, CHCJ’) .

' EXANPLE 21
This example denmonstrates the production of a glycosids,

1-0~f-D-galatopyranosyl-n-dodecanol. '

The hydrophilic substrate, o-nitrophenylgalacto-pyranoside
(10.2 g, 32 mmol) is dissolved under ultrasonication in
150 ml of methanol warmed to 50°-60°C. The dissolved
substrate is adsorbed onto 30 g of silica gel as described
in Example 9, preparation l.4. After removal of the
solvent, the material is dried under vacuum to produce 2
frep~flowing powder. The material is then nixed with

320 »1 of n-hexane and 17.6 g (96 mmol) of n=dodecanol.
The enzyms S-galactosidase (2750 U, 8igma Chenical Co.,
St. Louis, ¥0) is added and the mixture is stirred at rooan

' temperature for 24 hours. The polid materimls are remvoved

by filtration. From the organic phass, 11.0 g (60 xmol)

recovered. . The solid material is thoroughly aextracted
with 3 x 200 ml of methanol and all solid matorials are
rexoved by filtration. After removal of the solvent,
9.4 g (26 xmol) of 1-0~§~D-galactopyranosyl-n-dodecanol

'is obtained as semi-solid olly raterial.

: EXAMPLE 22
This example demonstrates the synthesis of N-acetyl~L~

tyrosine-1~phenylalaninanide.

NéAcetyl-xf-tyrosine ethylester monchydrate {immol; 265 =g]:
and L-phenylalaninamide hydrochloride [1mmol; 201 ng) are
dissolved in 20 ml MeOH. To this solution is added 5 g of

-gilica gel, and the MeOH is removed ‘undexr vacuux. The
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thus obtained material is mixed with 20 »l n-hesxane,
Na,00;.10 H;0 {3 muol; 572 xg), and 30 mg alpha-
chymotrypsin. The nmixture is stirred for 24 hours at roonm
temperaturs, and ths solvent is then removed by vacuum.
The residue is then extracted with hot acetonitrile. EHPLC
analysis of the resulting solution indicates a conversion
of greater than 90% at this point. The golution s
concentrated by removing the remaining solvent under

" vacuum and the rasidue is recrystallized from

acetonitrile. The resulting product is N-acetyl-lL~
tyrasino-n-pnenylalaninanido'1n tha amount of 239 =g

(708%).

. EXAMPLE 23
This example demonstrates the enrymatically catalyzed
synthesis of Ng-acetyl-xa-tyros1na—L-1¢uc1namidc.

N-Acotyl~-L-tyrosina-sthyl ester monohydrate (1 mmol; 269
ng) and L-leucinamide hydrochloride (1 mol; 167 rg) are
suspended in 20 ml t-BuOMe. To this suspension, N&,C0;,10
H,0 (2 mwol; 572 mg), silicagal (5 g), and alphs-
coymotrypsin (20 ng) are added. The resulting mixture is
stirred for 24 hours at room temperatura. After rexoval
of the solvent, the residue is extracted with hot '

a&t&nitril’o.urw"analyninindioatn & cofiversienog ™ T T T

greater than 95%. The isolatad dipeptide (80%) is

identified by comparison with a known sampla.
EXANPLE 24

This example demonstrates the enzymatically catalyzed

synthasis of glycerol-l~phosphate.

Glycerol (10 mmol; 0.92 g) is adsorbed to an approximately
equal amount of silica gel (3.0 §) and then suspended in
20 nl of t-BuO¥e. To this mixture is added p-
nitrophenylphosphate (10 mmol) follewed by acid
phosphatase from potato (1000 Uj 200 mg). The mixture is
stirred at room tempsrature for 24 hours. The solvent is
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removed by vacuum, the residus is thoroughly axtracted
with water (3 % 150 ml), and all solids are ramoved by

filtration. The resulting aqueous solution is
concentrated under vacuum to 75 ml and treated with a
§ golution 21 smol of BaCl,.2H,0 to forn a precipitats. To

tha guspension is added 500 ml of 95% ethanol. and the
precipitate is allowed to settle overnight. The
suspansion is filtered and the solid material is dried
over Cas0,. Glycarol-i-phosphate (8.5 mmol) is obtained

10 containing 943 of the title compound as the barium salt.
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1. . A method for producing an amphiphilic compound
comprising mixing & hydrophilic first substrate containing
at least one hydroxyl group, a solid support capable of
adsorbing said firat substrate, a second substrate having
at least one donatable leaving group, and an enzyme, the
ratio of said solid support to said first substrate being
about 0.3:11.0 to about 10.011.0 (g19), Said tirst '
substrate adhering to said solid support, sald enzyme
catalyzing a reaction betwsen said hydroxyl group and said
leaving qroup to forn an nmphiphllic cumpound

2. The method of Claim 1 further comprising adding an
organic solvent selected from the group cansisting of
n-hexane, tolusne, t-butylmethylether, ethylene oxide,

mathylisobutylketons, vinylacstate, ethylacetate,
t-butanol, acstone, dichloromsthane, tetrahydrofuran, and

acstonitrile,

3. The method of Claim 1 wherein said amphiphilic
compound i{s an ester and said first substrate is selected
from the class of compounds consisting of alcohols and
carbohydrates. '

4. The method of Claim 1 wherein said second substrate
is selected from the class of compounda oonsistinq ol
carboxylic acids, esters, anhydrides, and triqucczidaa.

5. The method of Claim 1 vherein caid enzyme is a
revarse hydrolass.

5. The method of Claim 5 wherein said reverse hydrolass

is a cprboxylic sster hydrolase.

7. The nethod of Claim 3 wherein said first substrate is
selected from the group consisting of glycerol, sthylens
glycol, sorbitol, and glucose.
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8. The method of Claim 4 wherein said second substrate
ins sslected from the group coneisting of vinyllaurate,
vinyladipate, and vinylacetate.

9. The method of Claim 4 wherein said second substrate
is seslocted froa the group consisting of caprylic acid,
lauric acid, and palmitic acid.

10. The method of Claim 1 further comprising the step of
rechanically mixing said first substrate with said solid
support before adding said second substrate and said

enzyne.

11. The method of Claim 1 further comprising the gteps of
dissolving said first substrate in a polar solvent to fora
a solution, mixing said solution with sxid solid support,
and isolatinq sald solid support with said first substrate
adsorbed thereon before adding said second substrate and

said enzyns.

12, The method of Claim 11 wherein said polaxr solvent is
selected from the group consisting of water, mathanol,

acetonitrile, and aceatone.

13. A pethod for producing an amphiphilie conpound

comprising mixing a hydrophilic first substrate containing
at least one hydroxyl group, a solid support capable of
adsorbing said first substrate, and an enzyme to form a
mixturs, packing sald mixture into a colunmn, and
circulating a second substrats having at Jeast one
donatable leaving group through said column, tha ratio of
sald solid gupport to said first substrate baing about
0.3:1.0 to sbout 10.0:1.0 (g:g), said 2irst substrate
adhering to said solid support, said enzyme catalyzing a
renctlon betwsen said hydroxyl group and said luvinq
group to form an amphiphilic eonpaund which i=
substantially free of said solid support.
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14. The method of Claim 1 wharein said amphiphilic
compound is a phosphate, gajd first substrate is selescted
from the group consisting of alcohols, carbohydrates, and
micleoaides, and said enzyms is a phosphatase.

15. The method of Claim 14 wherein said first substrate
is glycerol.

16. The mothod of Claim 14 wherein sald second substrate
is selectsd from the group consisting of phosphate esters.
of alcohols, phosphate esters of phenols, and carboxylic
acid-phosphoric acid mixed anhydrides.

17. The mathod of Claim 16 wherein said amphiphilic
compound is glycerol-l-phosphate and said second substrate
is selected from the group consisting of

- p-nitrophenylphosphate, n-butlyphosphata, vinylphosphata,

and msthylcarbonylphosphate.

18. The method of Claim 1 further conprininq incubating
eaid reaction mixture under sufficient physical conditions
and for a time sufficient to achieve at least about 10% '
convarsion of said leaving groups to said amphiphilic

compound.

15. The method of Claim i vherein maid solid support is
sslected from the group consiuinq of sllica gals,
diatomaceous earths, clays, activated charcoals,
carboxymethycelluloss, celluloss esters, ion exchange
resins, and insoluble polysaccharides.

20, A method for producing a peptida comprieing, mixing a
hydrophilic girst substrate having a fres primary anmino
group, a second substrate having at least one donatable
leaving group comprising a carboxylic acid ester, a solid
pupport capable of adsorbing said first and said nmnd
substrates, and a peptidase, the ratio of said soliad
support to said first and second substrates being about
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0.631.0 to about 10.0:1.0 (gi1g), maiad first and sald
second substrates adhering to said solid support, said
peptidase catalyzing a reaction bstween said free primary

amino group and said carboxylic acid ester to form a
prptide.

2i. The method of Claim 20 wherein sald first substrats
is selected from the class of compounds consisting of
carboxyl-protected anmino acids and varboxyl-protected

peptides.

22, The method of Claim 18 wherein said second substrate
is selected from the class of compounds consisting of
anino-protected amino acids and amino-protected peptides.

23. Tha method of Claim 20 wherein said paptidase is
alpha~-chynotrypsin.

24. The method of Claim 20 whersin said first substrate
is L-phenylalaninanmide or L-leucinamide and said second
substrate is N-acetyl-I~tyrosine ethylester,

25. A method for producing and sslectively precipitating
an isomerically and chemically pure 1-monoglyceride

coxprising
a) mixing glycerol substrate, a second substrate,

and a girst organic solvent to form a first mixture, said
second substrate having at least one donatable leaving
group, and said first organio solvent being capable of
promoting selective precipitation of a specified 1-
monoglyoceride;

b) combining saia first nixturs with an snzyns to
form a second mixture, seid enzyme catalyzing a reaction
betveen a hydroxyl group of said glycerol and said leaving

group to form & i-nonoglyceride;
¢) = incubating said second mixture at a. temperaturs.

sufficient to yield disuolved i-monoglyceride product}
and
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d) ocooling ths mixture of stap {(c) to a temperature
at which said i-monoglycerids sslectively precipitates.

26. The method of Claim 25 wherein atter step (d) at
least soms by~-products remain in a solution, said by-
products being capable of gerving as third substrates by
donating ona or more acyl groups in said reaction and
further comprising the steps of -

e) recycling saiad solution to a reacter vessel,
sald raactor vessel having a sufficient amcunt of
glycercl, said ensyme, and a terperature sufficient to
alliow for continuation of, said reaction to yleld a thira
reaction mixturs comprising 1-monoglyceride and by-

- products;

£) continuing said reaotion;

¢g) repeating steps (d), (e), and (£) until at least
about 80% conversion of acyl groups to l-monoglyceride and
precipitation of 1-monoglyceride are obtained.

27. The method of Claim 26 whersin one by-product of said
reaction is water or an alcohol, sald water or alcohol
being removed from said second mixture by moans of a
drying agent.

28. The method of Claim 26 further comprising adding to
said first mixture a solid support capable of adsorbing
gaid glycerol, the xatio of said solid support to said
glycercl being abvout 0.3:1.0 to about 10.0:1.0 (gtg), said
glycerol adhering to said solid support.

28. The method of Claim 27 whereln said mecond subatrate
is a free carboxylic acid,

30. The method of Claim 29 wherein said free carboxylic
acid is lauric goid or atearic acid.

31. The method of Claim 25 wherein sald second _-hbatiatc
is a mathyl ester.
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32. The method of Claim 31 wherein said methyl ester is
methyllaurats or methylpalmitate. .

33. The mathod of Claim 25 wherain said second substrate
is a triglyceride.

34, The method of Claim 33 wherein said triglyceride is
trilaurin, ,

35, Tha methed of Claim 25 wherein gaid first mixture is
maintained at a temperatura from about 48°C to about

io00C.

36. The method of Claim 25 whersin said temperature of
step (4) is from about -49°C to about 10¢°C.

37. The method of Claim 36 wherein said temperature is
2°%C.

38. The method of Claim 25 wherein said solvent is a
mixture of t-butylmethylether:n-hexans in the proportion
of about 1:100 to about 100:1 (volsvol). .

15, The method of Claim 32 wherein said proportion is 1:1
{volivol).

40. The method of Claim 1 wherein said first substrate is
solected from the class of compounds consisting of anino
acids, psptides, and proteins.

41. The method of Claim 40 wharein said amphiphilic
compound is. an amino acid ester and said first substrate

is an anmino acid.

42. The method of Claim 41 wherein said anino acid is Z~

L~gerina.
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43.. The method of Claim 42 wherein said sacond substrats
is vinylvalarate or vinyllaurates. .

44. The method of Claim 1 wherein said amphiphilic
compound is a wember of the group consisting of
oligosaccharides, glycoproteins, and glycolipids.

45. The mathod of Claim 44 wherein said first substrate
is a saccharide and said enzyme is a glycosidass.

46. The method of Claim 43 wherein said saccharide is
lactosa.,

47. The method of Claim 45 wherein said glycosidase 1s
B-galactosidase.

48. The method of Claim 44 wherein said second substrate
is a polyalcohol.

49. The method of Claim 48 wherein said polyalcohol ie
isopropylidenaglycerol.

50, A composition comprising an alcohol or a carbohydrate
adsorbed to a solid support in the ratio of akout 1.0:0.3

to about 1.,0:10.0 (g:g).

51. The composition of Claim 50 wherein said alcohol is a
polyol.

52. The composition of Claim 51 wherein said polyel is
solected from the group consisting of glycerols, glycols,
srythrotol), and sorbitol,

3. The composition of Claim 50 wherein said carbohydrate
is gluoose p;'qalactoso; ' :

54. The composition of Claim 50 wherein said solid »
support is selected from ths group consisting of silica
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gels, diatomaceous earths, clays, activated charcoals,

carboxymethycellulose, cellulose ssters, jon exchange
resins, and insoluble polysaccharides.

55. The composition of Claim 50 wherein said ratio is 111
(3:9).

56. A composition ocomprising glycerol adsorbed to silica
gel in the ratio of about 1.0:0.3 to about 1.0:10.0 (g:g).

57. The composition of Claim 56 wherein said ratio is 1:1
(939). | '

58. A composition comprising a hydrophilic firat
substrate adsorbed to a solid support and a second
substrate adsorbed to said support, said first substrate
having a free primary amino group and being selected from
the class of compounds consisting of carboxyl-protected
amino acids and carboxyl-protected peptides, and paid
second substrate having at least one carboxylic acid aster
and being selected from the class of compounds consisting
of amino-protected amino acids and uuino-prbtcotod
peptides, the ratio of said solid support to saiqa first
and said second substrates being about 0.6:1.0 to about

10.0:1.0 (9:9).

59. The composition of Claim 58 wherein said solia
support is selected from the group conaisting of silica
gsis, diatomaceous earths, clays, activated charcoals,
carboxymethycsllulosa, cellulose esters, ion exchange
reeins, and insoluble polysaccharides.
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